Zeranol (Z) is an estrogenic growth-promoting agent synthesized from mycotoxin zearalenone (Zen). Inadvertent consumption of Z and its structural analogs from meat or grain products remain a food safety concern. An economic and rapid high performance liquid chromatography method with electrochemical detection using disposable screen-printed carbon electrode is developed for determination of Z, Zen and 3 major metabolic analogs α-zearalenol (α-Ze), β-zearalenol (β-Ze), and β-zearalanol (β-Za). The electrochemical method was validated for application in food matrices including beef, pork, feed and cereal after optimized liquid and/or solid-phase extraction procedures. All 5 Z analogs were separated in 10 minutes with the limits of detection ranging from 15 ng/ml for α-Ze and 25 ng/ml for Z and Zen; the limit of quantitation ranged from 40 -50 ng/ml. The recoveries were all above 75% regardless of matrix types and extraction procedures. The intra and inter day variations were both less than 6% at the nominal concentration of 1 μg/ml and less than 13% at 100 ng/ml level. Chromatographically time-matched peaks of Z, α-Ze and β-Za were observed in moldy feed, cereal and rice with high productivity, indicating possible grain-specific Zs exposure for animals and human. Proper exercise of preservative procedures for grain and grain products to prevent it from mold production is imperative. The simplicity and reproducibility of this method affords quick and reliable quantitation of multiple types of Z analogs in food products and can offer semi-confirmative information comparable to UV detection and supplementary to ELISA screening.
Introduction
Zearalenone (Zen) is one of the few fungal resorcylic acid lactones characterized with estrogenic activity back in 1979 [1] . Known as a myctoxin, Zen is produced by several species of Fusarium spp. that grows on grains including maize, oat, barley, wheat, and sorghum [2] [3] [4] . The major metabolites of Zen are α-zearalenol (α-Ze), β-zearalanol (β-Za), β-zearalenol (β-Ze) and zeranol (Z) [3] [4] [5] . These compounds exhibit distinct estrogenic and anabolic properties, resulting in diverse endocrine disruptions effects to human and animals [6] [7] [8] . Among the metabolic analogs, Z is semi-synthesized by chemical reduction of Zen to be used for improvement of feed conversion efficiency and promotion of growth rates in livestock production. It has been widely used in the cattle industry in the United States and believed to also possess endocrine disruptive effects in human consumers [9] [10] [11] as well as in rats, dogs, and monkeys effecting predominantly changes in mammary glands and organs of the reproductive system [1, 7, 10, 12] . The mutagenic, teratogenic, and carcinogenic properties of Z were also suggested [8, 10, 13] , therefore, application of Z was banned in the European Union (EU) since 1985 [14] and was monitored for imported meat derived from countries where cattle was given this synthetic hormone. Therefore, not only Zen and its metabolic analogs (Zs) may contaminate food commodities from moldy grains, animals consuming contaminated feeds [15] or veterinary use of Z-implantation could also result in residual Zs in meat products. These unexpected exposures are potentially hazardous to human consumers and remain a food safety concern.
In order to protect consumers from risks related to the drug residue, Joint FAO/WHO Expert Committee on Food Additives (JECFA) proposed maximum residue levels of 2 g/kg in muscle [16] . The US Food and Drug Administration (FDA) established safe concentration levels for total Z residues in uncooked edible tissues of cattle with values ranged from 150 g/kg in muscle to 600 g/kg in fat [17] . Limits allowed for Zen in maize and other cereals were established at 50 -100 g/kg in Africa, Latin America, Asia and EU countries [18] . To reach the desired level of protection, the official methods in EU for Zs detection was enzyme-linked immunosorbent assay (ELISA) for screening followed by gas chromatography (GC) for confirmation. While such dual processes are common for monitoring purposes, the levels of Z in grains are usually higher and a single analytical method with confirmatory nature is very desirable. Various analytical techniques have been developed for screening and confirmative determination of Z and metabolic analogs. In addition to the abovementioned ELISA [19, 20] and GC [21, 22] , thin-layer chromatography (TLC) [23] , and high performance liquid chromatography (HPLC) with UV [24, 25] and mass spectrometry [26] [27] [28] detections have also been reported. Both ELISA and TLC are cost-effective methods suitable for larger scale initial sample screening, but neither provides enough selectivity to differentiae among Z analogues [20, 23] . In contrast, GC and LC based analysis in combination with mass spectrometry have been used to provide sensitivity and confirmation of residual Zs, however the high maintenance and cost have prevented them from being a routine practice. Consequently, HPLC with UV detection is still the most common combination currently employed in the determination of Zs residuals in food or tissue [24, 25] , very few studies were done using electrochemical (EC) detector [22, 29] . In 2008, an EC method with carbon nanotube-modified glassy carbon electrode was reported to determine Zs in urine [30] , more recently, dual detection of Zs in moldy rice, soybean and cornflakes using series connection of UV and EC detectors was reported [31] . It was noted that differences in specificity and sensitivity to different Z analogs existed and either HPLC-UV or HPLC-EC is superior to the other. In addition, the screen-printed technology used in EC detection is very attractive because it is inexpensive and disposable [32] [33] [34] . Therefore, EC detection mode presents an attractive alternative to UV and warrants more study. The purpose of this study is to develop an electrochemical liquid chromatographic method that is complimentary to UV detection, for selective determination of Z and Zen metabolic analogs in meat and grain products (feeds and cereals), using a special disposable screen-printed carbon electrode (SPCE).
Materials and Methods

Chemicals and Solutions
All chemicals used were ACS-certified grade, methanol and pure water were HPLC grade. Zeranol, α-Ze, β-Ze, β-Za and Zen were purchased from Sigma (St. Louses, MO, USA). Methanol and ammonium acetate were obtained from Merk (Darmstadt, Germany). Standard stock solutions (1 mg/ml) were prepared by dissolving appropriate amount of each compound in methanol and stored at −20˚C in dark brown centrifuge vials (stable for more than 3 months). The mobile phase consisted of 40 mM ammonium acetate buffer with 66% methanol, pH = 7.0. Working solutions (8 approximately spaced concentrations from 10 ng/ml to 50 μg/ml) were freshly prepared before use by dilution of the stock solutions in methanolwater (w/w 50/50) and stored at 4˚C up to 1 week.
Flow Injection Analysis System for Electrochemical Detection
Cyclic voltametric and chrono-amperometric experiments were conducted similar to previous reports [31, 33] . Briefly, the EC analysis was carried out by a flow injection analysis (FIA) system (Figure 1 , schematic drawing and pictures) connected to a CHI 627 electrochemical workstation. The three-electrode system consists of a working electrode (SPCE, screen-printed carbon electrode, geometric area = 0.2 cm 2 ), an Ag/AgCl reference electrode and a platinum auxiliary electrode (geometric area = 0.07 cm 2 ). The HPLC system consists of a Hitachi L-6200 intelligent pump drive, a Rheodyne model 7125 sample injector (20 μl sample loop) with an inter-connecting Teflon tube and the flow cell. The disposable SPCE electrode (Zensor R & D, Taichung, Taiwan) was placed in the center of the specially designed electrochemical flow cell, first washed by deionized water and followed by pre-anodization with a potential of 20 V for 20 sec. The electrode was then equilibrated in mobile phase at 1 V until the current become constant. Chromatographic separations were performed using a Cosmosil C18 AR-II column (150 mm × 4.6 mm i.d., Nacalai tesque, Inc., Japan). Various potentials (from −800 mV to 1200 mV) and flow rates (400 to 1000 μl/ml) were tested for optimal conditions. Chromatographic data were analyzed with CHI system software (CH Instruments, Inc., USA).
Assay Validation
Accuracy and precision of the method were accessed for each analog at 3 spiked concentrations (100 ng/ml, 1 and 100 μg/ml) in water/methanol (w/w 50/50). The validation was assessed by carrying out 4 replicate analyses daily for at least 3 different days. Recoveries of liquid and solid-phase extraction (SPE) procedures at 4 different matrices were carried out in triplicate at 2 nominal concentration levels (1 and 10 μg/ml). Precision was expressed as the relative standard deviation (RSD) of the mean from the quadruplicated runs. The limit of detection (LOD) was set as 3-times the averaged baseline noise level (S/N > 3) while the limit of quantitation (LOQ) was set as 10 times the averaged baseline noise level (S/N > 10).
Sample Preparation and Extraction Procedure
A total of 112 meat samples including beef (45 imported, 20 domestic samples), pork (34 samples) and chicken (13 samples) were purchased from the supermarkets in the north, middle, south and east regions of Taiwan (covering more than 10 counties). 10 feed samples were collected from collaborating pig farms. Cereals were purchased from local food chain stores. For analysis of meat, feeds and cereals, samples were first grounded before homogenization with 5 volumes (2 g/10ml) of methanol for 90 sec. The mixture was then placed on a reciprocal shaker for 3 min before it was centrifuged at 3000 rpm for 10 min. The supernatant was aspirated and 20 μl was used for HPLC-EC injection. Solid phase extraction was carried out using 3 ml of the supernatant obtained from the abovementioned extraction procedure and diluted 5 folds in pH 4.0 acetic acid water as starting solution. Bond-Elute SPE cartridges (500 mg, 3 ml, Varian Inc.) were first conditioned with 2 ml of methanol followed by 2 ml of acetic acid water (pH 4.0) before sample application. After washing by 10 ml of distilled water, the target compounds were eluted by 1 ml of methanol and 20 μl was injected into HPLC-EC system. Meat samples were first screened for immunoreactive Z activity by a commercial EIA (Euro-Diagnostica, Spain); samples exhibiting Z concentration greater than 1 ng/ml by EIA were further subjected to the developed HPLC-EC confirmation. To prepare moldy samples, 5 g of feed, rice and cereals were moistened with 5 ml tap water and incubated at 37˚C for 2 weeks. The moldy sample was then extractedand chromato graphically analyzed as stated above.
Results
Electrode Response and Linearity
Representative cyclic voltammograms (CV) for Zs in 40 mM ammonium acetate buffer with 66% methanol, pH = 7.0 using SPCE is shown in Figure 2 (left panel). In comparison to mobile phase alone, the addition of Zs induced an increase in anodic current at the potential of 0.7 to 1.2 V. Accordingly, the optimal detection potential was set at 1 V to maximize the increase of target signal without significantly increase the background current. Four different flow rates (400, 600, 800 and 1000 μl/min) was tested and 1000 μl/min was selected in view of better peak resolution and shorter retention time (data not shown). The amperometric current responses were linear from 50 ng/ml to 25 μg/ml for all 5 Zs (Figure 2 , right panel). The optimum analytical conditions were determined to be: detection potential 1 V, flow rate 1 ml/min, injection volume 20 μl. Separations were carried out on a Cosmosil C18 AR-II column with a mobile phase consisted of 40 mM ammonium acetate buffer with 66% methanol, pH = 7.0. The quantification of all samples was achieved by measuring the oxidation current from chronoamperometric signals.
Validation of HPLC-EC Method
The quantitative responses of Zs, including retention time, limit of detection (LOD), limit of quantitation (LOQ) and linear working range, are summarized in Table 1. All of the Zs peaks were resolved within 10 minutes as shown in the typical HPLC-EC chromatograms (Figure 3, lower panel) . Note: RT = retention time (sec); LOD = limit of detection (ng/ml); LOQ = limit of quantitation (ng/ml); Linear range (μg/ml). shown in Table 3 . All metabolic analogs had good percent recoveries (above 75%) with methanol extractions in general showed slightly higher percentage than the SPE. Differential recoveries across Z and analogs or among different matrices were observed. At 1 µg/ml level, while -Ze, and Zen tended to have higher recovery than the other analogs, the recovery of Zs in pork was also higher than in beef and cereal ( Table 3) .
LOQ ranged from 40 ng/ml for -Ze to 50 ng/ml for Z.
The working linear range covers 500 folds of concentration difference (50 ng/ml to 25 μg/ml) and the correlation coefficients of at least 0.99 were obtained for each Zs. The intra and inter day variations of the developed EC detection of Zs at three nominal concentrations are listed in Table 2 . The average inter and intra day variations were all below 13% at 100 ng/ml level and less than 6% at 1 µg/ml level. The recoveries of 5 Zs standards from various food matrices at 2 nominal concentrations (1 and 10 g/ml) after liquid and solid-phase extractions were
Applications to Meat, Feed, Cereal and Rice Samples
One hundred and twelve meat samples were first screened (Figures 3 and 4) were detected and preliminarily confirmed with co-injection of suspected Z standards. These moldy grain samples exhibited high yields of Z and certain analogs, namely up to 80 µg/ml of α-Ze and 500 µg/ml of Z were detected in moldy cereal, while about 2 µg/ml α-Ze and 80 µg/ml of Z was detected in moldy feed.
Discussions
A reverse-phase HPLC method with EC detection using a disposable screen-printed carbon electrode was developed for the determination and confirmation of Z and Zen analogs in food commodities, namely meat, cereal and rice. Feeds from swine farms are also investigated in view of the fact that animals consuming Fusarium-infected feed could also leave metabolic Zs residues in the meat, Quick analysis was achieved by resolving 5 Zs peaks within 10 minutes. The LOD and LOQ are comparable to those of the UV detection and the method showed good linearity range and precision. The development of EC method using carbon electrode is advantageous due to its low cost in comparison to other electrodes (boron-doped diamond, multi-wall carbon nanotube modified glassy carbon, copper, and gold) [30] such that a single-use purpose disposable designed is possible.
In this study, a disposable electrochemical sensor, preanodized screen-printed carbon electrode (SPCE), is developed with low cost, good stability and satisfactory sensitivity as semi-confirmative analytical tools. By employing a reverse-phase separation, compound with a higher polarity eluted first and lower polarity the latter, this is demonstrated in the elution order such that β-Za has the shortest retention time while Zen the longest. Interestingly, the rank order of amperometric current strength (β-Za > β-Ze > Z > α-Ze = Zen) correlated well with the rank order of elution time, i.e., the rank order of amperometric responses coincided with the order of po- Table 3 . Recovery of zeranol and metabolic analogs in different matrices by liquid (methanol) or solid phase extractions (SPE) n = 3. larity, suggesting that the electrical current of each Zs is associated with its hydrophilicity. The stronger oxidative currents of β-Za and β-Ze than α-Ze and Zen might be related with the stereo-structural differences in the esterial group. Feasible explanations of differential signal strength may also include the closer association of the hydroxyl group on carbon 6 to the surface electron of SPCE, resulting in higher affinities and oxidative currents for β-Za and β-Ze. The polarity of these Z analogs may also influence their recovery efficiencies in methanol extraction. Higher percentage recoveries were observed in α-Ze and Zen, which are less hydrophilic among the 5 Zs. The recovery of Zs is generally higher in liquid extraction, with the exception that the recovery for meat samples are higher after further SPE, this is likely resulting from the better cleaning effect of more complicated meat matrix. Putting together, the efficiency in the EC detection of Zs is different from that observed for UV detection [21, 31] , suggesting the complementary nature of these 2 detection modes and underlines the importance of this method development. Past studies have suggested that long-term consumption of low, but biologically active levels of Zs post potential health risk to human [10, 11, 35] , therefore, it is important to understand if such levels of Zs contained in our daily food. The rice products have been investigated in a previous study [31] , since beef from Z-implanted cattle is regularly imported to Taiwan, a total of 112 meat samples (including 45 import beef and some domestic beef, pork and chicken samples) were under investigation in the current study. The samples were first screened for immunoreactive Z activity by a commercial EIA and the results indicated that only 6 of the 112 meat samples (5.3%) exhibited Z immunoreactivity greater than 1 ng/ml and all 6 Z-positive samples were below 2 ng/ml, suggesting that the residual levels of Zs in meat in Taiwan is very low. In fact, all Zs levels detected were below the 50 -1000 ng/ml FAO-established regulatory level, indicating the consumption of these meat products are likely with guarded safety. On the contrary, the naturally molded feeds (which contain various grain ingredients), cereal and rice samples presented high levels of suspected Zs and/or analogues. Among the tested samples, similar distribution of Zs in moldy feed and cereal were discovered. The results indicated that while both Z and α-Ze were found in these 2 moldy matrices, β-Za and Z was found in moldy rice (Figures 3 and 4) . However, the percentage to which specific Zs metabolites were produced in feed and cereal was different, further comparison suggested that cereal had higher yield of Z than the feed and moldy rice produced the least level of Z. These observations suggest that different metabolite pattern might be presented in different grain matrices, it is also possible that feed contains less percentage of grain matrices that could be utilized by the fungi for Z production. These data was consistent with a previous study in which corn flakes and rice had the highest and lowest yield of Z, respectively [31] . The estimated production of Z and α-Ze in moldy cereal and feed was very high, which were more than 1000-folds higher than the total Z allowed in EU regulations for edible grains. Although the high productivity were found in raw materials and produced under experimental conditions, exposure to any kind of moldy grains should be carefully avoided and it is imperative to exercise proper preservative procedures for grain and grain products to prevent it from mold production.
In the current natural molding experiment, 3 Z metabolites were detected with the exception of Zen, which is distinct from the general recognition that Zen is the major mycotoxin produced after Fusarium contamination. Since Candida tropicalis, and Saccharomyces also have the ability to metabolize Zen to become other Zs [36, 37] , it is likely that the growth of not only one Fusarium spp. but also other fungi in the environment also contributed to the metabolism of Zen to Z. The variation in fungi species in Taiwan may also partly explain why rice had the lowest ability of producing Zs. Nevertheless, multiple Z analogs could be detected in a natural occurring moldy feed, cereal and rice culture in Taiwan, and it is important to utilize the developed method to routinely survey the prevalence of each Z analogs in grain and meat products in Taiwan.
In conclusion, the developed method is very useful for a direct and fast routine analysis of Z and Zen metabolic analogs in various food matrices. Spiked liquid matrices such as beer and pig urine samples were also tested for direct injection to the developed EC system, suggesting that this method can also be applied to the surveillance of beer samples contaminated with Zs and to detect urinary metabolites of Z and analogs. In addition, with a single liquid extraction (methanol) procedure, or in combination with a SPE procedure, satisfactory chromatographic separation of commonly seen Z analogs can be achieved in 10 min. The sensitivity of this EC method was well below the regulatory levels set by international regulatory agencies and the LOD can be further lowered with sample pre-concentration after SPE. Therefore, the developed HPLC-EC method should be a desirable semi-confirmative tool capable of differentiating individual Zs to complement the most commonly used ELISA screening which does not differentiate Zs among themselves.
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